Interactions among micro-elements can affect their uptake by plants. Thus, it is important to evaluate nutrient interactions when designing phytoremediation strategies. In this study, the competitive or complementary effects between B and Cd, Cu, Fe, Mn, Mo, Pb, Zn, and W elements in leaf tissues of Verbascum olympicum Boiss. (Scrophulariaceae) were evaluated. This species is one of the main endemic species growing around the abandoned Etibank tungsten mine at Uludağ Mountain (Bursa, Turkey). Leaf and soil samples were collected from unpolluted and polluted areas around the mine. Inductively coupled plasmamass spectrometry was used to determine the levels of selected elements in soil samples and in leaves of V. olympicum. Classical open wet and Kjeldahl digestion methods were used to process the samples. The analytical accuracy was guaranteed using two kinds of certified reference materials. Complementary behaviors of B and Mo were observed in leaves of V. olympicum, but not in the soil. This result provides information on the adaptation properties of this species in a polluted area.
INTRODUCTION
In plants, mineral nutrition is important for physiological and biochemical processes (1) .
Boron (B) is one of the mineral nutrients required for plant growth, and it is essential for cell structures (1, 2) . The importance of B as an essential element for higher plant growth has been demonstrated (1) . It is involved in many important processes in plants, including cell wall strength, cell wall synthesis and development, cell wall structural integrity, lignification, respiration, cell division, carbohydrate metabolism, fruit and seed formation and development, petal and leaf bud formation, vascular tissue repair, sugar transport, hormone development, metabolism of ribose nucleic acids, indoleacetic acid, and phenol, membrane stability, cytokinin production and transfer, pollen budding, and stimulation or inhibition of specific metabolic pathways (1) (2) (3) . Elevated B levels may affect the metabolism of higher plants via its effects on enzyme activities (4) . It has been suggested that B may generate oxidative stress in higher plants via the production of reactive oxygen species as a result of changes in the photosynthetic system (5) . Total B levels in soils have been reported to range from 20 to 200 mg B kg −1 with less than 5%-10% in a form available to plants (2) .
Nutrient availability mainly depends on soil texture, organic matter content, and especially pH (6) . The availability of B is also affected by interrelationships with other elements and environmental factors. For example, moderate to heavy rainfall, dry weather, and high light intensity are important factors for B availability to plants (2) .
In plants, B interacts with macro-elements including nitrogen, phosphorus, potassium, and calcium (1). Compared with other elements, B reaches a toxic concentration at a lower level (4) . Also, its mobility in plants differs from that of other elements, and this affects its function (7 The aim of this study was to evaluate the interactions between B and other elements in a plant growing around a polluted site. Verbascum olympicum Boiss. (Scrophulariaceae) was selected as the plant material in this study, since it is one of the dominant endemic species growing around an abandoned tungsten mine on Uludağ Mountain (Bursa, Turkey), and its restoration and/or remediation properties in this area have been studied previously (11, 12) .
The main objective of this study was to investigate the influence of the mine and its residual wastes on V. olympicum growing at the mine site, and to collect data on its uptake of B and other related elements in this environment. Analyses of the contents of many elements in this plant can reveal competitive or complementary effects. Understanding the mutual, antagonistic, or synergistic interactions among elements is important for designing fertilization and/or phytoremediation strategies. Inductively coupled plasma-mass spectrometry (ICP-MS) was used to detect and quantify elements in soil and plant samples because of its multi elemental determination capability, low detection limits, and wide linear ranges.
MATERIALS AND METHODS

Sampling site and sample preparation
Verbascum olympicum Boiss. 
Chemicals and Apparatus
A single-element standard solution of W at a concentration of 1000 μg mL −1 (Perkin Elmer, 
RESULTS AND DISCUSSION
The contents of elements at mg kg −1 levels were determined in above-ground parts (leaves) of V. olympicum and in soils at sampling sites I and II (unpolluted) and site III (polluted) ( Table 1 ). The measured levels of all elements were in good agreement with the certified values of mentioned reference materials at the 95% confidence level, indicating that the total element determinations were accurate. For all elements, the limits of quantitation were below the measured values. The B levels in leaf and soil samples from sites I and II ranged widely. Unlike other elements, B shows a wide range of concentrations in soil (2) . The B concentrations in soils from site III (polluted) were higher than those in samples from site II, but lower than those in soil samples from site I. Therefore, the mean value of B at unpolluted sites was compared with the B content at the polluted site. The B levels in leaf samples were lower at polluted sites than at the unpolluted site. There is competition between W and Mo, as reported earlier (15), and a positive correlation between B and Mo has also been reported (10) . Thus, there is some competition or completion for transport between B and W and between B and Mo, respectively. As a result, low B and Mo levels in leaves were associated with higher W levels. This is consistent with the results shown in Table 1 ; that is, leaf samples with higher W levels had lower Mo and B levels. There also appeared to be some competition between B
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and Mo in soil samples; that is, soil samples with higher levels of B had lower levels of Mo, When W levels were present at excessive levels in soils at the polluted site, this appeared to interfere with the functions of B and Mo as they became competitive elements. Thus, any mutual effects of elements also depends on the other elements present, their concentrations, and how they interfere with other elements in the soil. As shown in Table 1, all of the other studied elements, especially W, were present at higher concentrations in soil at the polluted site than in soil at the unpolluted sites. However, the transportation ratios (element concentration in leaves divided by element concentration in soil) of B, Fe, Zn, and
Mn were lower at the polluted site than at the unpolluted site. These three elements (Fe, Zn, and Mn) may be associated with B. The only element present at lower concentrations at the polluted site than at the unpolluted site was Mo.
Apart from other micro-elements, macro-elements and their quantity in the area, together with soil pH, are important factors that can enhance or inhibit the uptake of the studied elements from soil into plants. Phosphate was one of the main macro-elements, since water removal pools are known to be rich in phosphate (13) . Thus, the high levels of the selected elements in leaf samples from the polluted (waste removal pools) site may be due to watersoluble phosphate complexes that are readily taken up by plants, depending on the pH (16) .
Although it might be expected that large amounts of an element in the soil will lead to high transportation, and thus accumulation in plants, the opposite effect was observed for B. This may have been due to direct interference from W and Mo with the indirect interference from
Mo to B. Higher W levels in leaves were associated with lower Mo and B levels. However, when the soil B levels were high, the B levels in leaves were low. This illustrates the importance of transportation in determining which elements will be present at high levels in leaves. Different transportation behaviors were observed for Mo. Therefore, interactions among elements may also inhibit B transport in plants.
As shown in Table 1 , the other effected elements with their transportation ratios were Zn and Cd. Table 2 summarizes correlations between pairs of elements in plant parts. There other elements for uptake in the natural adaptation processes of this plant. Table 2 . Simple correlation coefficients (r 2 ), significance levels (P) and linear regression equations (Y = a + bx) between contents of various elements and boron in Verbascum olympicum (n = 9, P < 0.05 considered as significant correlation). knowledge gained from such studies will be useful for producing environmentally friendly materials.
